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Deconfinement to Quark-Gluon plasma

Lattice QCD predicts a phase transition to a quark-gluon plasma

where the long range confining force is screened.
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QCD phase diagram
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Focus of Relativistic Heavy Ion Physics

e Investigate High Density QCD Matter in Laboratory
— Determine its properties

e Phase Transitions?
— Deconfinement to Quark-Gluon Plasma
— Chiral symmeftry restoration

e Relevance?
— Quark-hadron phase transition in early Universe
— Cores of dense stars
— High density QCD
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Evolution of Heavy Ion Collisions

Hadronization
(Freeze-out)
+

Expansion

Pre-equilibrium Thermalization QGP phase? Mixed phase

Y, y¥—> e*e, ptu m, K, p,n, o, A AE Q,d,...
Hard processes (early Soft hadrons reflect medium
stages): Real and virtual properties when inelastic
photons, high p; particles. collisions stop (chemical

PHENIX emphasis freeze-out).



The Relativistic Heavy Ton Collider at BNL

» Two independent rings 3.83 km in
circumference

- 120 bunches/ring
- 106 ns crossing time
» Maximum Energy per N-N collision
- s = 500 GeV p-p
+ Vs = 200 GeV Au-Au
> Design Luminosity

gy
—

* Au-Au 2x1026 cm-2s-1 LPH ENIX

. p - p 2x1032 Cm-Zs-l N ‘-
(polarized)

> Capable of colliding any nuclear
species on any other nuclear species
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Pioneering High Energy Nucl. Interaction Exp
PHENIX

. The PHENIX Experiment, main
[ MUON ID STEEL [ ' DETECTOR ) !
" | mee emphasis on electromagnetic probes.

U o\ oy EES Focus:
) r/ '."""II’

g \'\

*Rare probes - J/¥, V', e*e-,
uru-, ®, direct-y ..

* The spin structure of the

nucleons

Y / i
TIME _.-—-"1
EXPANSION ,/
s

CHERENKOV

= The Configuration:

./ * 2 Forward Muon Arms

- 2 Central Spectrometer Arms
to measure photons, electrons,
and hadrons
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PHENIX Central Arm

PHENIX Detector - Second Year Physics Run

PHENIX High Resolution TOF
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thR Detector at RHIC
Silicon Vertex Tracker +

“Large acceptance hadronic detector” Coils Maﬂnet/ Silicon.8trip Detector

EM Cal Barrel +
End Cap EMC

Time Projection Chamber

_—Trigger Barrel +
.,‘ e Time of Flight Patch

aaaaaaaaaaaaaaaa

Electronics
Platforms

Forward Time Projection Chamber
The STAR Experiment, main emphasis on hadronic probes.

Focus:

-global observables, event-by-event physics, HBT, strangeness, high-pt jets...
The Configuration:

*large acceptance TPC, Silicon Vertex Tracker, RICH, TOF, EMC...
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Hard scattering in Heavy Ton collisions

schematic view of jet production Particle production @RHIC

—dn/dn |,—o =670, N;yq ~ 7500
92% of (15,000) all quarks
from vacuum !

Jets @RHIC:

—produced early t<1fm
—primarily from gluons
—30-50% of particle production

Observed via:
—fast leading particles
—azimuthal correlations

Scattered partons radiate energy in colored medium —

suppression of high p; particles
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Paronic energy loss - probe of QGP

: Foparton —> 00, loss AL
: .. - B b
/ v < o 0E 0% A 0
-y .8 H\ a . A - y
g s ' i

mean free path A > 1/ .. range of screened gluon interaction

e average energy loss .

wo Wil 1,
AR = Ef dewmwg,wszﬁf}@

nonlinear interaction of gluons [ <

dE/dx ~ few GeV/fm nontrivial consequence of
hon-abelian nature of QCD

Baier, Gyulassy, Wang, Levin, Vitev et al
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Observables

eInclusive pt-distribution 4 dN/dpt
— number of particles per pt-bin.
— sensitive to partonic energy loss - high-pt
suppression. >
pt
e Azimuthal anisotropy |y Transverse plane

— nuclear geometry breaks the azimuthal symmetry X
— sensitive to early dynamics of initial system @
>
X

eFlavor composition - particle ratios

Prague, August. 27, 2003 Jan Rak 14



Inclusive pt-distribution

Inclusive p.spectrum

‘hard' region pQCD dominated
+ 'Cronin’ soft-admixture

1 /Nevents dzNAA/ de d77

<Nbinary> (d2 O pp/ dprd 77/ O ppinelastic)

Nuclear modification factor |R,,(p;)=

R,4 is a relative yield with respect multiple nucleon-nucleon collisions. If there
is no nuclear effect, AA is just uncoherent superposition of pp thanR,, =1
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Nuclear Modification of Hadron Spectra

1. Compare Aut+Au to nucleon-nucleon cross sections
2. Compare Au+Au central/peripheral

2 a7AA
Nucl.ear - B d N/ dedU
Modification R, (p,;)= o 4« | nucleon-nucleon
Factor: r,d o™ /ldp.dn Cross section
22—
i I <Nbinary>/ cSinelpﬂ)
1.5 .
- "Cronin” enhancement -
< 1 at high-p:
P 2 Y A _ T
o nonuclearmedit. 4 R, .>1 kp-broadening “Cronin”
o.5" "hara”} Ry, =1 particle prod. oc (Ny; ...
nuclear suppression | RAA <] suppression
O . L

0 2 4 6 8 10
transverse momentum [GeV/c]

Prague, August. 27, 2003 Jan Rak 16



pQCD phenomena at SPS

Ed’6/d’p(y=0) ( mbc>/GeV")

]-045""IH"|""""""I""I""I""I""I"":
C | 0 ]
AN Po+bb=n Where is the jet quenching in Pb+Pb ...
103L &% central 10% i
= . E,,=158 AGeV : X.N. Wang, Phys.Rev.Lett.81:1998
[ WA9S
0% * .
B R,
10 e A5 | A7 10% central (WA98) R>1 |
; 4 | ®h 5% central (Nasg) ~ Muclear effects
1 & . + (Cronin)
] 35 | A7n 8% central Pb+Au (CERES) o
L il 3
10 E S+S— ° :
o[ central 25% 2.5
10 & E,,=200 AGeV . 2
A WAS0 \ R\ s
10 Lowlonn b bin binn b b TR W
0051 152253354455 ] -
mr-m, (GeV) 05 .W
. ey - ' ‘u@'&"‘
If any suppression , it is overwhelmed
by initial state mult. scatt (Cronin o o5 1 15 2 25 3 35 4
effect). Initiated strong interest of Transverse Momentum (GeV/c)
RHIC community.
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High pt p-p and Au-Au 7i° Results

Run 2001/2002 p-p + Au-Au

Vs= 200 GeV

o D @ spectra:
o A a -

S o' )\ PP hep-ex/0304038 ) C 10EAU-AU nucl-ex/0304022 . E"{‘o‘éflai <2
3 o
PR 8 (L o 10-20% x 107
E 1o I PHENIX Data ~ o ® gg-ﬁg:ﬁa X :Ilg .

] [ ] ] - x
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o 10° z °le, * 60-70% x 107
. ‘o 10 ° ® el e o = 70-80% x 10 o
10 ‘ — ° ® e *, ® 80-92% x 10
10—7 o N E & [ | ® & ° L] * ®
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10 .
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. o (GeVi/c)
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Nuclear Modification Factor R, 4

R, ™ 0-10% Central:
| ®  AutAu s, =200 GeV
R ~ 20 ¥ AutAu s, =130 GeV
j A ot \s,,=31.0 GeV
Pb+Pb s, =17.3 GeV

2.9
&

@ CERN: Cronin enhancement

> Pb+Pb (\s ~ 17 GeV)
> oo (\/sNN ~31 GeV)

. ] + R~ 15

@ RHIC: x4-5 suppression

! o NcoIIision scaling
> AutAu (Vs ~ 130 GEV)  fferescreaitgegmeeennmesnnneanensnnnenenens S L L
> AutAu (Vs ~200GeV) [ o R~ 04
05: ™ u._."' RAA~O 2
E uJ"UL! ¢ ! $ ] t a0 /
o = A 'P"'|'§ """ y ""{r“'{'“i """"""""""""""" "
nﬂ | | 2 | | | 4 | | | G | | | 8 | | | 10
p; (GeVic)
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R.4: High pt Suppression
Run 2001/2002 Au-Au  Vsy= 200 GeV:

. YieIdAuAu/<Nbinary>AuAu RPat _ YieIdAuAu/<Npart>AuAu Final
AA — ) AA — . submitted
Yield, Yield,, /2 to PRL, |
<18 -
A | ® Centralx (0-10%) |3 ps[ o Rt o _Nohx dNGE /dly
h - Peripheral n° (80-92%) 8 . AR Noore” x NG “Idy
141 AU-AU nucl-ex/0304022 | Q1
127 -y * 9 o
- { é i +
pmerensee frormsm R <151
o 1 I [ 5] o + +
0.8~ | [ J l l I
B T
06— 5‘ ®R.. - dNI™ */dy
o ee e . N Ny Ty
AL TTL Y ’ + “r ® o
02 e 02,0 ++ ................... i o °
0: TR N NN AT NN NN SN TN NN TR N N NN R R N : AurAu |HUCI-e|X/0304|'022 | | |
0 2 4 6 8 10 % 50 100 150 200 250 300 350
p; (GeVic) .
pa
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Suppression: an initial state effect?

Color Glass Condensate hep-ph/0210033

Gribov, Levin, Ryshkin, Mueller, Qiu, Kharzeev, McLerran, Venugopalan,
Balitsky, Kovchegov, Kovner, Iancu

e semi-classical QCD field

Q= 20 GeV* e collinear factorization breaks
e“analytic” solution
Gluon
Density
Grows A

g+g —>g

i{t
gt 1’ 10 1wt =

The answer in the dAu data:

e initial state CGC ==» Ry, 1.0 Ry, =R,
e final state Cronin =
Ry~ 1.0
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Model TIT: gluon condensate at small x

See D. Kharzeev, E. Levin Nucl-th/0108006

X

!

x6(x.Q%)

:> Jgt  Classical
: >
Qs kl
4. ______
At small Bjorken x partonic wave Hard RHIC
functions starts to overlap Soft pQCD
e Saturation _ . ¢ --—-—=-=--
region region
e coherence /1 SPS
e multi-parton correlation - >
breaks down X, = 2p,/Ns~ const P.

In Classical region the particle production mechanism is 2->1

unlike the pQCD 2->2. This implies:

Below 2*Qg ~ 2*2 GeV produced particles are not correlated.

Prague, August. 27, 2003
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Initial/final state effects - CGC

Charged hadrons ratios to minimum bias

3] 2L I-
O 10F &=
; E & Au+Au 200GeV
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o e
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‘ CGC radiation ?‘

| pQCD power law
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p+A (or d+A): The control experiment

J“ J“

* Nuclear effects other than a dense medium are known to affect hadron spectra (e.g.

shadowing, Cronin effect) in p+A and d+A collisions, which do not have a created

medium.

* Could these initial state effects be causing the suppression of high-P. hadrons in
AutAu collisions?

* If so, then we should see suppression of high-P hadrons in d+Au collisions.

—

PHS‘\{N lx 003 Jan Rak
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S5 f) _
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- Cl=\|= -15 ;
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High p Spectra in d-Au at Vsy, 200 GeV
Run 2002/2003:
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Do see Cronin effect!
(h*+)/2

e “Cronin” enhancement more

- 2
pronounced in the charged u:é
hadron measurement 1.8 dAu
1.6
: : 1.4
e Possibly larger effect in 19

protons at mid py

l 0.8
0.6

#

.

g!
TCO

—
III|III|III|III|III III|III|III|III|III

v
e 0.4
Implication of Ry,,?
0.2 PI_llENllx plrelillnillall‘y | | | |
0 1 1 1 1 1 1 L I I I
0 1 2 3 4 5 6 7 8 9 10
p; (GeV/c)

RHIC at too high x for gluon saturation...
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n0 Raa vs. predictions

Theoretical pre(pOSt)diCtiong 1 :

d+Au: 1. Vitev, nucl-th/0302002 —1.6
and private communication.

\..L
Au+Au: I. Vitev and M. GyulasN\
hep-ph/0208108, to appear in Nucl.

Phys. A; M. Gyulassy, P. Levai a 0.8
l. Vitev, Nucl. Phys. B 594, p. 371 ¢
(2001). 04

Initial state: mult. scatt.,shadowing 0.2
+ final state dE/dx (Au+Au) 0

:

/

PHENIX preliminary

dAu

o
-

Also: Kopeliovich, et al (PRL88,
232303,2002)

predict R 4~1.1 max at pr=2.5 GeV
projectile as color dipole
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Centrality Dependence

Au + Au Experiment d + Au Control
< 20 L R R R T4 2 %F | | | | ]
o ab Au+Au 200GeV B CCU1 ol B
16— M h*+h 0-10% /N+N [0 n0040%/N+N | 4o -
: 1 iy z
1.4~ — 1.4 ||I': -1 “PHENIX
1 of R 7 31 Preliminary”
f | . s _||'I'i E 1 results,
10 | a 10 F'f::. 1 consistent
0l ERNRY 1 with PHOBOS
F i o ] datain
0.6 f.' B 1 submitted
- . — _ -
04— 0O l.. & 04— - QaQer
- o L 5 . - d+Au 200GeV = h'+h"0-20%/N+N |
0.2f 54 Dﬂ"g‘iﬁ'ﬁ% 0.2F -
P S R R NI R HE IR B P S S H NI R R IR B
o 1 2 3 4 5 8 71 8 o 1 2 3 4 5 6 71 8
Final Data p; [GeVic] Preliminary Data p;[GeVic]

® Dramatically different and opposite centrality evolution of Au+Au
experiment from d+Au control.

® Jet Suppression is clearly a final state effect.
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summary

e Inclusive ©¥ and chard hadron yields:
> R, , was meausured in wide range of pT in dAu and AuAu at Vs,,= 200.

> Significant suppression, R, ,~ 0.2, found in AuAu collisions. “Cronin”
like enhancement found in dAu charged hadron spectra and n° R, is
consistent with one.

‘ dAu data left only a little room for the initial state phenomena! I
‘ Existence of extremely opaque and “collective” partonic matter seems to be evident!I
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